The synthesis and conformational analysis of a series of pyridin-2-yl guanidine derivatives using NMR, X-ray crystallography and B3LYP/6-31+G** theoretical studies are reported. A remarkable difference was observed in the 1 H NMR spectra of the guanidinium salts compared with their N,N'-di-Boc protected and neutral analogues. This difference corresponds to a 180° change in the dihedral angle between the guanidine/ium moiety and the pyridine ring in the salts compared to the Boc protected derivatives; a conclusion which was supported by theoretical studies, X-ray data and NMR analysis. Moreover, our data sustains the existence of two intramolecular hydrogen bonding systems: (i) between the pyridine N1 atom and the guanidinium protons in the salts and (ii) within the tert-butyl carbamate groups of the Boc protected derivatives. To verify that the observed conformational control arises from these intramolecular interactions, a new series of N-Boc-N'-propyl substituted pyridin-2-yl guanidines was also prepared and studied. 
INTRODUCTION
Guanidine derivatives have a wide range of applications throughout the field of medicinal chemistry. During the last 10 years our group has been working on the synthesis 1 and biological evaluation of aromatic guanidine derivatives both as α-adrenoceptor ligands for the treatment of CNS disorders 2, 3, 4, 5 and as DNA minor groove binders. 6, 7 The biological importance of guanidines is highlighted by the prevalence of guanidine-carboxylate saltbridges in protein structures, a feature which is often closely linked to protein function . 8 In addition, aromatic guanidines have found use in a diverse range of therapeutic and biological applications. 9 Guanidines have also proven effective as catalysts for a wide variety of organic transformations 10, 11 and have been studied as ligands both in metalloproteins 12 and in synthetic metal complexes. 13 The structure of guanidine in the solid-state was recently resolved, revealing the high tendency of this molecule to form hydrogen bond (HB) interactions. 14 Tautomerism in guanidines has been the object of a recent 15 N NMR study; 15 as have its vibrational properties, which have been the subject of a theoretical study. 16 In an attempt to elucidate their mode of binding to biological receptors, Kleinmaier et al. have investigated the conformational preferences of mono-alkylated acyl guanidines. 17 Moreover, we have recently published a theoretical study of the π-cation interactions in solution between the guanidinium and simple aromatic systems. 18 In spite of all these studies, the molecular basis for ligand-receptor interactions in aromatic guanidines remains poorly understood, and further knowledge of their conformational preferences would be of great benefit in elucidating their mode of binding to biological receptors.
Moreover, carbamates and amides are important building blocks in artificially folded molecules, in conjunction with pyridines. This topic has been thoroughly reviewed by Huc who found that aromatic oligoamide foldamers can be efficiently designed, are easy to synthesize, and permit to obtain many different stable folded states. Furthermore, he describes that conformational rearrangements may be induced by changing the conformational preference of aryl−amide bonds. 19 In addition, pH-active pyridines are considered as interesting units in molecular motion controlled by pH. Thus, Kolomiets et al. using NMR and circular dichroism have studied how oligopyridine carboxamide strands experience reversible folding/unfolding when protonated. 20 In our search for new aromatic guanidine derivatives, we present here not only the preparation of a number of novel 2-guanidino pyridines ( Figure 1 ) following our own synthetic approach, 1 but also a thorough structural study both at experimental ( 1 H NMR and X-ray spectroscopy) and computational (DFT) levels.
FIGURE 1.
General structures of previously prepared phenyl guanidines and new pyridine-2-yl guanidine derivatives, indicating the numbering scheme used throughout this work.
To the best of our knowledge, these pyridine-2-yl guanidines have not yet been studied and only a few pyridinyl guanidine derivatives have been reported to date. These include those in which the pyridine and guanidine moieties are separated by a linker, several cobalt 21 and zinc 22 complexes that were studied for their potential in sensor technology and as lactide is placed in the ortho position. 26 Hence, a theoretical DFT study at B3LYP/6-31+G** computational level of all possible geometries of the neutral 2-pyridinoguanidine series
(including E/Z isomers, syn/anti rotamers, and tautomers) was initially performed to approach our systems. We found that, as expected, the absolute minimum corresponds to one of the syn geometries ( Figure 3a ) which is 30 kJ mol -1 more stable than the best of the minima found in anti conformation (for the sake of clarity only the most stable anti/syn minima are shown).
Thus, in 5-substituted-2-guanidine-pyridines, the stabilization induced by the IMHB through the pyridine nitrogen [LP-N Py ···H3' Gu ] is considerably larger than that through the guanidine nitrogen [LP-N Gu ···H3 Py ], in the absence of electronic or steric secondary factors.
As mentioned before, we have experimentally observed that the guanidinium salts showed a NMR pattern very different to that observed in their Boc derivatives and that this could be due to important differences in their geometries. Hence, using B3LYP/6-31+G**, we continued with our theoretical study to confirm this hypothesis. In the case of the protonated series 3, a quantum theoretical intrinsic reaction coordinate (IRC) study of the C2-N1' rotation process 27, 28 was carried out (gas phase) resulting in two energetic minima and two transition states ( Figure 4) . As in the case of the neutral guanidine (Figure 3a) , the global minimum of the guanidinium series corresponds to the syn conformation and features a co-planar arrangement of the guanidinium and pyridine moieties stabilised by the same type of IMHB interaction [LP-N Py ···H3' Gu ]. In this case, the prevalence of the syn conformation is also favoured by steric constraints in the anti rotamer (H3--H3' repulsion, Figure 3b ), which was also localised as a second local minimum exhibiting a 'twisted' geometry to minimise the aforementioned repulsion. Further, two stationary states were localised: TS1 which corresponds to the transition between the anti and syn minima and TS2 which results from the transition between the two possible degenerate anti minima ('twisted' above and below the pyridine ring). 
FIGURE 4.
Stationary structures resulting from the IRC study at B3LYP/6-31+G** computational level of the C2-N1' rotation in the guanidinium derivative 3a. ΔE refers to the difference in total energy between a given state and the global energetic minimum in gas phase while ΔΔG is the difference in free energy.
The study of conformation and rearrangement in the Boc protected series 2 is considerably more complicated. In this case, the guanidine subunit is not only triply substituted but also neutral; therefore, the localisation of the C2'=N(3',4') bond results in a number of tautomers.
Additionally, E/Z isomerism in the imino group and the possible internal rotation of the adjacent secondary amines results in further geometries. Unlike guanidinium series 3, the combination of these issues for the Boc protected series 2 results in a vast array of possible conformations/isomers/tautomers and any a priori prediction of geometrical preference becomes untenable. To approach this problem in a systematic way, we have carried out a complete screening (by means of a systematic search) of the less computationally demanding di-acyl analogues of series 2. Those structures showing total energies within a range of 30 kJ mol -1 from the minimum were used as templates for the di-Boc derivatives which were then fully optimised until a minimum energy geometry was obtained (see Supplementary Information).
The 1 H NMR spectra of the majority of the N,N'-di-Boc protected phenylguanidine derivatives previously synthesised in our group 3, 4, 5 show the CH 3 protons of the tert-butyl groups as two separate signals integrating for nine protons each, suggesting the chemical inequivalence of the two N-Boc groups. This could be explained by the formation of two
IMHBs involving the Boc carbonyl groups and guanidine hydrogens H1' and H4', which is supported by the deshielding recorded for these two protons' signals (>10 ppm). In addition, these two Boc groups are not equivalent because one is connected to an amino-N and the other one is connected to an imine-N group.
The proposed IMHB network confers rigidity to the N,N'-di-Boc substituted guanidine system, which could be considered as a single "pseudo bicyclic" structure similar to that previously described for -diketones. 29 Thus, the conformational problem in these Boc derivatives is reduced to a simple rotation around the C1-N1' bond connecting the phenyl ring and the rigid Boc protected guanidine. Due to the symmetry of the phenyl ring this rotation results in a degenerate pair of conformations stabilised by IMHBs between the guanidine N3' and phenyl protons H2 or H6, respectively (Figure 5a ). This kind of C(Ar)-H···N IMHB has previously been described for compounds such as 2,2'-bipyridine, 30 1,l'-bipyrazole 31 and 9-azaphenyl-9H-carbazoles, 32 and C-H···X (X = O, S, N) HBs have been widely discussed in the literature by Desiraju, among others. As mentioned, the conformational analysis in series 2a was systematically extended to all the possible isomers/tautomers/rotamers and, hence, several reasonably stable 2a syn minimum energy geometries were found showing at least one of the previously described IMHBs, plus a second IMHB involving pyridine N1 ( Figure 6 ). These minima exhibited, in all cases, a coplanar arrangement of the pyridine and guanidine subunits, strongly supporting the existence of the postulated IMHBs (N1-C2-N1'-C2' dihedral angle ≈ 0.0º). However, their relative energies reveal that the tautomer 1 of the Z isomer in its anti conformation (compound 2a
anti Taut1, Figure 5b ) remains the most stable by a significant energetic margin (>15.0 kJ mol -1 ). Therefore, these results strongly suggest that compounds in series 2 should preferentially adopt the anti conformation. Summarising, the Boc protected derivatives 2 exhibit a clear preference for the anti conformation, while the guanidinium salts 3 and the neutral 2-pyridinylguanidine exist primarily in the syn conformation. In addition, the energetic differences computed between these two conformations seem large enough to allow predicting the predominant conformation across series 2 and 3 under experimental conditions.
X-Ray analysis and NMR studies of the new pyridin-2-yl guanidines
Confirmation of these computational predictions was achieved with the X-ray crystal structure of some of these pyridine-2-yl guanidine/ium derivatives ( Figure 7 ). Thus, slow recrystallization from a mixture of hexane/EtOAc provided a crystal structure for the 5-chloro derivative of the di-Boc protected pyridin-2-yl guanidines (2b). This structure is planar, and the N1-C2-N1'-C2' dihedral angle is 180°, in agreement with the predicted anti conformation (Figure 7 , 2b). This crystal structure also reveals an extensive IMHB network involving the Boc CO and N3' lone pairs as HB acceptors and the H1', H4' and H3 as donors, as previously described in Figure 5b . Using the same solvent system, a second crystal structure was obtained for the di-Boc protected guanidine-4-ethyloxybenzene 4 ( Figure 7 ), whose preparation has been described by us elsewhere 4 and which is structurally related to series 2.
The crystal structure obtained exhibited the anti conformation and bears similar features to those of its pyridine analogue 2b. A summary of the most relevant distances and angles of these crystal structures is presented in Table 1 ). However, the HB formed between O ... H4' is shorter for compound 4 than for compound 2b, indicating that even though medium to very strong HBs are established in both cases the one corresponding to compound 4 is stronger.
methylpyridin-2-yl)guanidinium chloride (3d) and N- (5,6,7,8-tetrahydroquinolin-2- yl)guanidinium chloride (3e).
In addition, crystals for two of the 1-(pyridin-2-yl)guanidinium chloride salts (3d and 3e)
were obtained, using a slow diffusion of diethyl ether in a cold methanolic solution, and resolved by X-ray crystallographic analysis ( Figure 7 ). These structures 3d and 3e exhibit syn conformation featuring pyridine/guanidine co-planarity and an IMHB between N1 and the H3'/H4' guanidine protons. In both compounds, the distances observed for the N1 ... H3' interaction (Table 1) correspond to strong HBs. Curiously, in the crystal structure of N,N'-diphenylguanidine one of the C-N bonds connected to a phenyl ring show double bond characteristics while the other two (C-NH 2 and C-NHPh) appear as single bonds. 24 In the case of the neutral Boc derivatives 2b and 4 it seems that the guanidine double bond is localised not over the N atom attached to the pyridine/phenyl ring but over the N atom connected to a Boc group not involved in hydrogen bonding with N1'
(C2'-N4'). However, in the crystal structure of N,N'-dimethyl-N,N'-diphenylguanidine the C-N double bond is localized over the unsubstituted N atom, 24 similar to what is observed in our neutral guanidines. Regarding the hydrochloride salts 3d and 3e and the hydrobromide salt of 24 very similar C-N distances are obtained for the three C-N bonds involved in the guanidinium group (between 1.31 and 1.38 Å)
Significantly, NMR experiments in solution supported the persistence of the conformational effects that have been theoretically predicted (DFT calculations) and experimentally observed in the solid state by X-ray crystallographic studies (Table 2 ).
In agreement with the anti conformation, the existence of an IMHB between N3' and H3 in the di-Boc protected series (2) is strongly supported by the 1 H NMR data recorded for proton H3 (Table 2 ). Throughout series (2), this signal is broadened and strongly shifted to high field (7.93 -8.27 ppm). In contrast, the H3 signal recorded for the guanidinium salt series (3) consistently appears as a sharp doublet at 6.80 -7.13 ppm, which is much closer to that observed for the corresponding series of 2-aminopyridines (1) (6.20 -6.45 ppm). As shown, this variation in the chemical shift of H3 is significant even considering electronic effects. 34 and this deshielding can be explained by the effect of the nearby pyridine nitrogen lone pair.
Nuclear Overhauser Effect (NOE) experiments further supported the postulated conformational preferences. A through-space interaction was observed between H3 and H1'
in the N-(pyridin-2-yl)guanidinium chlorides 3, in agreement with the syn conformation.
Conversely, the absence of an NOE signal for these same protons in the di-Boc protected series 2 suggests that they are not nearby in space, supporting the prevalence of the anti conformation.
Moreover, variable temperature 1 H NMR was carried out on compounds 2d and 3d in order to identify if equilibrium exists between the possible conformations in both series. Spectra were recorded in DMSO-d 6 at ten degree increments from room temperature to 80 °C and a final spectrum was recorded on re-cooling the sample to room temperature. Neither compound showed significant changes, the spectra indicating in each case that in fact a single conformer 
Conformational control in N-Boc-N'-alkyl pyridin-2-yl guanidines
Considering the theoretical and experimental evidence so far obtained, it was hypothesised that substitution of one of the Boc protecting groups by an alkyl chain could suppress the rigid IMHBs network in series 2, and might thereby induce a change from the anti to the syn conformation. Thus, a new series of N-Boc-N'-alkyl substituted pyridin-2-yl guanidines (5) was studied. As for the previous series, a systematic conformational study for 5a was performed at B3LYP/6-31+G** level showing that, in agreement with our hypothesis, the syn conformation is >25.9 kJ mol -1 more stable than the best anti one ( Figure 10 ). However, due to the asymmetry of this system, two different syn/anti energetic minima, 5a(i) and 5a(ii), had to be analysed. In the case of the syn conformers these minima differ by only 5.0 kJ mol To reduce the computational cost of these calculations, the propyl group present in the experimental compounds was replaced with a methyl group.
Compounds 5b and 5d, N-Boc-N'-propylpyridin-2-yl guanidine substituted analogues to 5a, were experimentally prepared following a synthetic procedure recently developed within our research group. 36 The characterisation of these compounds confirmed the theoretical prediction that the molecules of series 5 can exist as a nearly equimolar mixture of two isomers (see Figure 11 ). with respect to the corresponding 2-aminopyridines 1. E denotes electronic effects.
In the case of compound 5b (R= Cl), a 3:4 mixture of isomers (i) and (ii) was formed, adjudged by 1 H NMR integration. These isomers proved to be inseparable by either column chromatography (silica gel) or by recrystallisation. For compound 5d (R= CH 3 ) a 6:5 mixture of isomers (i) and (ii) was obtained, and, in this case, isolation of the (i) isomer was possible using silica gel column chromatography (9:1, Hexane:EtOAc). The similar isomeric ratios found in both compounds suggest little difference in their relative energies in agreement with our calculations. The prevalence of the syn conformation in compounds 5 confirms that neither the N-Boc electronic effect, the unprotonated state of the molecules, nor the steric bulk around the guanidine subunit are sufficient to induce the anti conformation observed in the di-Boc derivatives 2. Thus, the conformational control in pyridin-2-yl guanidines remains firmly rooted in the IMHB interactions established between the guanidine and pyridine subunits.
As expected, cleavage of the Boc group in compounds 5, results in the abolition of any isomeric mixture as shown the 1 H NMR of the corresponding N-propyl 6 derivatives, which exhibit the syn conformation (see Figure 10 ). It is worth noting that the introduction of an alkyl substituent in the protonated guanidinium 6 does not produce any significant variation in the chemical shift of protons H3, H4 and H6 with respect to the guanidiniums 3.
CONCLUSIONS
During preparation of a new series of pyridin-2yl guanidine derivatives following our standard synthetic method, a striking difference between the 1 H-NMR spectra of the N,N'-diBoc protected and guanidinium salt derivatives (series 2 and 3, respectively) was observed.
This difference remained across the series regardless of the substituent in position 5 of the pyridine ring; we therefore considered that this effect might result from conformational constraints. Hence, we have carried out a complete theoretical and experimental structural study using B3LYP/6-31+G** calculations, NMR spectroscopy and X-ray crystallographic analysis.
Considering the two possible conformational extremes (anti and syn), DFT theoretical studies yielded two main conclusions. First, the Boc protected derivatives 2 exhibit a preference for the anti conformation, while the 2-pyridinoguanidine and the guanidinium salts 3 exist primarily in the syn conformation. Second, the computations suggested the formation of two Further, solution-phase 1 H NMR, variable temperature and NOE experiments confirm that the conformational preferences suggested by our computational studies and found in solid-state X-ray crystallographic studies are maintained in solution.
Finally, to verify that conformational control results from IMHB interactions and not from electronic or steric effects, a new series of N-Boc-N'-propyl substituted pyridin-2-yl guanidines 5 has been studied. B3LYP/6-31+G** studies predicted a shift from the anti to the syn geometry in these new derivatives. Preparation of the corresponding derivatives 5b and 5d (R= Cl and CH 3 ) followed by Boc deprotection to yield the propyl guanidinium salts (6b and 6d) allowed us to confirm the existence of the predicted syn geometry by means of 1 H NMR studies. Hence, conformational control in pyridin-2-yl guanidines seems to be entirely dependent on the IMHB interactions within the guanidine group (in the case of the N,N'-diBoc derivatives), and between the guanidine and pyridine subunits (in the guanidinium salts).
EXPERIMENTAL SECTION
Geometries were fully optimised at the B3LYP theoretical level with the 6-31+G** basis set as implemented in the Gaussian03 program. 37 A suitable crystal from each compound 2b, 4, 3d and 3e was selected and mounted using inert oil on a 0.3 mm diameter glass fiber tip and placed on the goniometer head in a 123K N2 gas stream. Non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were placed into geometrically calculated positions and refined using a riding model.
Temperature was 123 K in all cases. The agreement between the data and the model (R1) for all structures was 5% or below.
Spectra were recorded on a spectrometer operating at 600.1 MHz for 1 H NMR and 150.9
MHz for 13 C NMR. NMR peak assignments were confirmed using the following COSY and ROESY experiments: Phase-sensitive gradient enhanced (ge) 2D multiplicity-edited HSQC using PEP and adiabatic pulses with gradients in back-inept (hsqcedetgpsisp2), Phase-sensitive ge-2D HMBC using a two-fold low-pass J-filter (hmbcetgpl2nd), and selective gradient enhanced 1D ROESY (selrogp). General procedure for the synthesis of N-Boc-N'-propyl guanidine derivatives: To a solution of N-tert-butoxycarbonyl-N'-propylthiourea (7, described below), the starting amine (1.0 eq), and triethylamine (3.5 eq) in CH 2 Cl 2 at 0 0 C was added mercuric chloride (1.2 eq).
General
The mixture was stirred for 30 min at 0 0 C, then warmed to RT and stirred until reaction was adjudged complete by TLC analysis. The reaction mixture was diluted with EtOAc and filtered through a pad of Celite to remove any mercury by-products. The filtrate was washed with brine (20 mL) and water (20 mL), dried over anhydrous MgSO 4 and concentrated under reduced pressure to yield a residue that was purified by silica gel column chromatography, eluting with the appropriate hexane:EtOAc mixture.
N-Tert-butoxycarbonyl-N'-propylthiourea (7):
To a solution of thiourea (500 mg, 6.58 mmol) in dry THF (120 mL) at 0 °C was added NaH (60% dispersion in mineral oil, 1184 mg, 29.60 mmol), followed by di-tert-butyl dicarbonate (3155 mg, 14.47 mmol). After 8 h stirring at RT, the reaction was cooled again to 0 °C and a second portion of NaH (442 mg, 11.05 mmol) was added followed 1 h later by trifluoroacetic anhydride (1.41 mL, 10.13 mmol).
After 45 min, 1-propylamine (0.83 mL, 10.13 mmol) was added neat the reaction was stirred at RT for 18 h. The reaction was quenched with dropwise H 2 O (20 mL) followed by extraction with EtOAc (3 x 20 mL). 
SUPPORTING INFORMATION
Copies of 1 H and 13 C NMR spectra of all compounds described in series 2, 3, 4, 5 and 6; characterisation data for the 2-aminopyrimidines described in series 1; X-ray crystal structural data for compounds 2b, 3d, 3e and 4; copies of the variable temperature 1 H NMR spectra of compounds 2d and 3d and cartesian coordinates of all the structures optimised at the B3LYP/6-31+G** level are available free of charge via the Internet at http://pubs.acs.org.
